Abstract: Recently, nuclear magnetic resonance spectroscopy (NMR)-based metabolomics analysis and multivariate statistical techniques have been incorporated into a multidisciplinary approach to profile changes in small molecules associated with the onset and progression of human diseases. The purpose of these efforts is to identify unique metabolite biomarkers in a specific human disease so as to (1) accurately predict and diagnose diseases, including separating distinct disease stages; (2) provide insights into underlying pathways in the pathogenesis and progression of the malady and (3) aid in disease treatment and evaluate the efficacy of drugs. In this review we discuss recent developments in the application of NMR-based metabolomics in searching disease biomarkers in human blood samples in the last 5 years.
Introduction
Metabolomics is a new biological analysis method to provide precise analysis of small molecules (<1500 Da) associated with human metabolism, which has been widely used in the field of systems biology in recent years. Unlike DNA, RNA or proteins (including enzymes), these small molecules can accurately reflect the most direct metabolic changes in our body under a certain condition in a short time, which means metabolomics gives a new approach to help clinical disease research [1] . Furthermore, metabolomics can perfectly complement transcriptomics, genomics and proteomics on account of its ability to analyze the changes of small metabolites, which are totally different kinds of compounds from DNA, RNA and proteins [2] . Compared with other omics, metabolomics provide more direct and complete information about the biological system from an individual or a group [3] , which can be used for disease diagnosis [4] [5] [6] [7] [8] and treatment [9, 10] , drug toxicological mechanism analysis [11, 12] , and precision medicine [13] , etc.
Metabolomics must be based on powerful detection techniques. The sensitivity and specificity of detection techniques increased rapidly, allowing more precise characterization and quantification of numerous metabolites in a single sample [2] . The two most successful detection methods used in metabolomics are nuclear magnetic resonance (NMR) and mass spectrometry (MS, including liquid chromatography-mass spectroscopy [LC-MS] and gas chromatography-mass spectroscopy [GC-MS] ). In addition, blood [14] , urine [15] , saliva [7] and diseased tissues [16] are commonly used as detection samples for metabolomics analysis. As a highthroughput method, NMR can be used to analyze hundreds of small molecules simultaneously and efficiently in human samples including blood, serum and tissues [17] . Almost every metabolite has their obvious and reproducible NMR signature, therefore NMR can be used to explore the metabolic processes of different organisms or screen metabolites. Moreover, NMR costs less than MS and it does not require any physical or chemical treatment to the sample before analysis, which means there is no destruction to the test sample, so that the same sample can be re-tested several times if desired [2, 17, 18] . Therefore, NMR can provide highthroughput and reproducible analysis of metabolites in a more economical manner [19] to determine the structure of unknown compounds, elucidate the mechanism of metabolite transformation and screen drugs [20] . Moreover, NMR-based meta bolomics have been incorporated with corresponding statistical techniques and performed with independent samples to identify disease-specific changes of meta bolites and further validate disease biomarkers [21] . Figure 1 illustrates the general workflow of NMR-based metabolomics studies in disease-related biomarkers discovery.
Biomarkers are critical for disease research. The disturbances of glucose metabolism, lipid metabolism and protein metabolism occur in the onset and development of many diseases, and the representative changes of metabolites in patients' samples can be screened by high-throughput NMR and statistical analysis. For clinical purposes, these metabolites can be used to diagnose or stage diseases [22, 23] . In addition, if metabolites that significantly change in the early stages of some diseases can be identified, they can be used as predictors to predict the risks of these diseases [24] . These changed metabolites can also serve as novel targets for drug therapy and may even be used in precision medicine [13] . For research purposes, specific metabolic changes occur during the progression of diseases and blood-based metabolite markers could improve disease diagnosis, and changes in the metabolites can be tracked to specific pathways and further combined with metabolomics, proteomics and genomics to provide mechanistic information about the pathogenesis of diseases.
It is worth mentioning that statistical analysis is a cornerstone of metabolomics, which can be used to differentiate metabolites between healthy and diseased tissues, and determine the degree of association between these metabolites and clinical phenotypes or variables [2] . Multiple statistical analysis methods were used to ensure that researchers can get satisfactory results from the NMR data. For example, most analytical techniques including NMR produce complex multi-dimensional data sets, so dimension reduction techniques such as principal components analysis (PCA) and various clustering methods should be used as a helpful tool for the preliminary survey of comprehensive properties of the data [2] . Besides, considering the large amount of metabolites measured in a single assay, multiple tests have to be carried out but it may increase the possibility of type I error. In order to solve this problem, test results should be adjusted by using family wise rate or FDR [25, 26] .
As an integral part of the circulatory system, blood is closely related to every organs and tissues in the human body. When disease occurs, the metabolites are released from the disease tissues into blood, so the changes of metabolites in blood can reflect the metabolic changes in disease tissues in parallel. Besides, blood samples are readily available and the acquisition process is less invasive compared to tissue samples. Based on that, blood can be used as one of the most classic and common sample for NMR analysis, especially NMR-based metabolomics research. In addition, human serum metabolome included the complete complement of metabolites present in serum and was used to facilitate searching for disease biomarkers in human blood samples increasingly with the deepening of research in this field. As for the reasons, metabolites belonging to the human serum metabolome are the closest connection between the genotype and phenotype and are the end products of numerous metabolic pathways, so they have the great potential to reflect and indicate diseases as biomarkers. Moreover, the measurement of the entire serum metabolome rather than a single metabolite in a single assay made the process of searching biomarkers more convenient and the results more indicative [27] [28] [29] . Psychogios et al. established the Serum Metabolome Database that contained 4229 confirmed and possible serum/plasma compounds, which can absolutely facilitate future research into blood chemistry and blood metabolomics to search disease biomarkers [14] .
Therefore, we will particularly review the NMR-based metabolomics analysis of human blood (including plasma and serum) samples for searching biomarkers of diseases in the last 5 years (i.e. since and including 2013) (Figure 2 ), trying to clarify that NMR-based metabolomics play an important role in searching disease biomarkers, as well as biomarkers have great potential in disease prediction, diagnosis and treatment. 
Diseases studied by NMR-based metabolomics of blood samples for searching and identifying biomarkers
According to the International Classification of Diseases (ICD-10 Version: 2016, http://apps.who.int/classifications/icd10/browse/2016/en) issued by the World Health Organization, we classified diseases into several types, and all of these diseases will be addressed in decreasing order of the number of research papers we found, in the following text. In Table 1 , we list the changed metabolites or biomarkers identified by NMR-based metabolomics analysis of blood samples (including plasma and serum), from 2013 to 2017.
Neoplasms
As shown in Figure 3 , we can see the number of papers published in last 5 years (2013-2017) on NMR-based metabolomics of blood for searching and identifying biomarkers in different tumors with different purposes.
Hepatocellular carcinoma (HCC) usually occurs after chronic liver diseases, especially liver cirrhosis (LC), so early HCC needs to be distinguished from cirrhosis.
Thirty-two potential biomarkers were found by NMRbased metabolomics analysis of serum samples from HCC and LC patients, and these makers involved a variety of metabolic processes such as synthesis of ketone bodies, citrate cycle, phospholipid metabolism, sphingolipid metabolism, fatty acid oxidation, amino acid catabolism and bile acid metabolism. To be specific, ketone body (β-hydroxybutyrate and oxaloacetate) is higher in HCC patients (early stage to late stage) than LC patients and healthy individuals, indicating disturbance of energy metabolism in HCC patients which may be related to the rapid growth of a tumor. Other metabolisms also had more or less changes in HCC patients compared to HC, such as the higher levels of ascorbate, glycerol, isobutyrate, whereas they had lower levels of formate and tyrosine. To sum up, these potential biomarkers are vitally important in differentiating HCC from LC and have significantly diagnostic and prognostic values for HCC patients [30] .
Due to the poor prognosis of pancreatic cancer (PC), early diagnosis becomes very important. NMR metabolomics analysis of serum samples from pancreatic intraepithelial neoplasia (PanIN) and pancreatic ductal adenocarcinoma (PDAC) rat models revealed that there are meaningful metabolic differences between PanIN groups and control groups (16 metabolites changed significantly), PDAC groups and control groups (20 metabolites changed significantly), PanIN groups and PDAC groups (26 metabolites changed significantly). Furthermore, The numerical values in parentheses indicated the fold-change of the increase and/or decrease of the identified metabolites between experimental groups and control groups, and all numerical calculations were based on the average concentrations of every metabolite which could be accurately found in those articles.
f In this research, the first value in parentheses was calculated from the experimental data in 4th week, and the second value was calculated from the experimental data in 8th week. dramatic metabolic changes were found in the precursor lesion, including increased levels of ketone compounds, amino acids, glycoproteins, lipoproteins and some metabolites related to mutagenicity and cancer promotion (deoxyguanosine, cytidine). All of these metabolites may be essential in pathogenesis and progression of pancreatic cancer and have the potential to be an early biomarkers for diagnosis [31] . By implanting PC cell strains Panc-1, Bxpc-3 and SW1990 in situ, Wen et al. established three different orthotopic xenograft PDAC mice models with different differentiations. The serum metabonomic profiling of these mice by using NMR demonstrated that concentrations of specific serum metabolites were different in these three models, for example, the concentrations of choline and its derivatives are higher in the Panc-1 group, whereas alcohols, amino acids and the metabolites belonged to glycolysis and glutaminolysis are lower in SW1990 group. What is more, poorly differentiated PC showed increased levels of choline and decreased levels of lactate, glutamate, glutamine and amino acids, so these metabolites be used to identify differentiation of tumors [32] . Another study demonstrated that pancreatic and periampullary adenocarcinomas patients can be distinguished from patients with benign lesions by using NMR-based metabolomics analysis, and the mainly metabolic difference between malignant and benign patients were found in the metabolic pathways of carbohydrate and amino acids (such as the arginine/proline pathway, the alanine/aspartate/glutamate pathway, the galactose metabolism pathway). Specifically, up-regulated concentrations of arginine, creatine, ornithine, proline, alanine and glutamine were found in benign samples, whereas concentrations of glutamate, urea, succinate and galactose increased in malignant samples. These metabolites have the potential to distinguish between benign and malignant PC patients [33] .
The pancreatic islet β cell tumor is the most common islet cell tumor and its progression in the Rip1-Tag2 mice model includes five stages: normal (1~3 weeks), hyperplasia (4~5 weeks), angiogenic islets (6~8 weeks), tumorigenesis (9~10 weeks) and invasive carcinoma (11-14 weeks). The levels of acetate, dimethylamine, taurine, glucose and myo-inositol decreased and the level of lactate increased compared to healthy controls (HCs) by using NMR-based metabolomics analysis at 8 weeks (angiogenic islets stage), and the changes of lactate, dimethylamine and myo-inositol have statistical significance among these metabolites. In the invasive carcinoma stage, the concentrations of alanine and glutamate increased, whereas the concentration of glycine decreased. These changes are metabolic features for this stage and will aggravate in the angiogenic islets stage. Furthermore, the authors suggested higher levels of methionine, citrate, choline and lower levels of acetate, taurine and glucose could act as potential biomarkers for early pancreatic islet β cell tumors [34] .
Colorectal cancer (CRC) is usually diagnosed by biopsy in current clinical practice, but Zamani et al. suggested that metabolomics analysis of patients' serum may act as the preliminarily screening test before invasive examination. Based on 1 H-NMR serum analysis of CRC patients and HC, they found 15 metabolites changed meaningfully, such as pyridoxine, orotidine and taurocholic acid which are mainly involved in bile acid biosynthesis, vitamin B6 metabolism, methane metabolism and glutathione metabolism. They considered that the differences of these metabolites are sufficient for primary screening [35] . In addition, metabolomics can also be used to determine the stage of CRC. NMR-based metabolomics analysis of 16 patients' serum samples (eight at stage 0-I, eight at stage II-IV) revealed that concentrations of glycine, cholesterol, taurocholic acid, cholesteryl ester and deoxyinosine are higher and the level of pyridoxine is lower in patients 'Diagnosis' represents that these biomarkers can probably be used to diagnose the neoplasms. at stage II-IV compared to patients at stage 0 and I, suggesting that these metabolic changes may be associated with the progression of CRC [36] . Therefore, NMR-based analysis of serum samples can be used for early diagnosing and staging CRC. 1 H-NMR metabolic profiles of plasma can be used to distinguish lung cancer (LC) from HC and the metabolic changes can be detected in the very early stage of LC. Higher levels of glucose and lower levels of lactate, phospholipid were found in LC patients, and the combination of these metabolites can classify 92% HC and 78% of LC patients correctly, suggesting that this model can serve as a valuable tool to diagnose LC (sensitivity, 71%; specificity, 81%) [37] . Based on NMR metabolomics analysis data, eight metabolites (2-hydroxybutyrate, 2-oxoisocaproate, acetate, carnitine, 3-hydroxyisovalerate, 2-hydroxyisovalerate, glycerol and glycine) were identified to have the potential to distinguish LC at stages 1-2 from stage 3. Moreover, the non-small cell lung cancer (NSCLC) patients can be differentiated into subtypes of squamous and adenocarcinoma by using NMR metabolomics profiles [38] .
NSCLC is the most malignant LC with a high lethal rate, whereas chronic obstructive pulmonary disease (COPD) is a common disease that has the potential to increase the risk of LC. In another study, nine metabolites were found that changed significantly in NSCLC patients' serum compared to HC: higher levels of N-acetylated glycoproteins, leucine, lysine, mannose, choline, lipid (CH 3 (CH 2 ) n ) and lower levels of acetate, citrate and methanol by using NMR-based metabolomics analysis. Further analysis confirmed that isoleucine, acetoacetate, creatine, N-acetylated glycoproteins and glycerol can be used to distinguish NSCLC from COPD. The authors also found that the metabolism of NSCLC patients will change with the progression of NSCLC: concentrations of glycerol, NAC1, NAC2 are increased and concentrations of isoleucine, acetoacetate are decreased in the serum of advanced NSCLC patients compared to early NSCLC patients, so these metabolites have the potential to stage NSCLC. Interestingly, if NSCLC is derived from COPD, the glycerol, NAC1 and NAC2 are still positively correlated with NSCLC progression [40] . In another study, compared to HC, the NMR-based metabolic profile of NSCLC patients' blood demonstrated 18 metabolite changes compared to HC, including the higher levels of methanol (78.81%), glutamate (37.65%), creatine (33.82%), lactate (31.53) etc. and the lower levels of choline-N(CH 3 ) 3 + (−25.30%), histidine (−20.76%), high density lipoprotein (HDL) (CH 3 ) (−17.39%), threonine (−15.34%) etc. Moreover, another 17 metabolites were found that involved in metabolic changes in different disease stages. Besides, the authors also revealed that benign pulmonary diseases patients were different from NSCLC patients and healthy individuals in the NMR metabolic profile [39] . These discoveries may contribute to the early diagnosis, staging and prognosis of NSCLC.
By using NMR metabolomics analysis of serum from renal cell carcinoma (RCC) patients and healthy people, one study demonstrated that seven metabolites changed significantly: the levels of alanine, creatine, isoleucine, lactate, leucine, valine increased and the level of choline decreased. Interestingly, the turbulence of these metabolites in RCC patients changed to normal levels after nephrectomy, suggesting all of the changes of metabolites are specific for RCC and these metabolites may serve as a biomarker to diagnose early RCC and evaluate postoperative recovery [41] . It is difficult to distinguish benign renal tumors from RCC by routine examination, while NMRbased metabolomics are expected to solve this problem. Higher concentrations of 2-oxoisocaproate, creatine, isoleucine, glutamate, ornithine and lower concentrations of citrate, methanol, threonine glycine, histidine taurine, glutamine were observed in RCC patients' serum samples, compared to HC, and these metabolites are closely related to glycolytic and the tricarboxylic acid cycle, amino acid and fatty acid metabolism. Moreover, orthogonal partial least squares discriminant analysis (PLS-DA) plots based on NMR metabolic data can be used to distinguish benign from pT1 RCC group (R2 = 0.46, Q2 = 0.28; AUC = 0.83), benign from pT3 RCC group (R2 = 0.58, Q2 = 0.37; AUC = 0.87). In conclusion, NMR metabolomics of serum can contribute to distinguish benign renal tumors from RCC and stage RCC [42] .
In a recent study, the high expression of inositol 1, 4, 5 trisphosphate receptor (IP 3 R, a receptor regulates cellular bioenergetics) type 2 and type 3 were found in diseased tissue of breast cancer and the authors also found it is related to metabolic changes in breast cancer. By using NMR-based metabolomics analysis, they demonstrated that serum from patients with high IP 3 Rs expression had higher levels of lactate, lysine, alanine and lower levels of pyruvate, glucose compared to healthy individuals, which indicated that all of these metabolites could be identified as biomarkers for BC and the metabolism regulated by IP3Rs may serve as a potential therapeutic target for BC [43] . Jobard et al. used an NMR-based metabolomics approach to analyze serum from metastatic BC (MBC) and early BC (EBC), and they observed that the concentrations of acetoacetate, glycerol, pyruvate, N-acetyl glycoproteins, mannose, glutamate and phenylalanine increased, while the level of histidine decreased in MBC compared to EBC, suggesting that NMR metabolic profiles of serum can be used as an advantageous tool to diagnose breast cancer metastasis, with a sensitivity of 89.8% and a specificity of 79.3% [44] . In another study, NMR-based plasma metabolic analysis of EBC and MBC patients demonstrated that the levels of glucose, lactate, pyruvate, acetate, acetoacetate, β-hydroxybutyrate, urea, creatine, creatinine and a variety of amino acids are modulated across patient clusters, but after Bonferroni adjustment only the differences of lactate, pyruvate, glucose glutamine and lysine still have statistically significance [45] . These results suggested that BC cells could affect the whole body's metabolism and change with the progression of BC. The metabolic changes may serve as a new approach to diagnose BC, but the specifically metabolic pathways still need further study. Hart et al. found that metabolic changes of serum due to micrometastasis in EBC patients have metastatic signatures in their NMR metabolomics profiles, and they found several biomarkers to discriminate MBC from EBC and predict a relapse of EBC. As for predicting the relapse of EBC, a random forest (RF) classification model based on preoperative metabolomics profiles of serum biomarkers was proposed as a new tool to predict the recurrence of ER-positive EBC, and the accuracy of this "RF recurrence risk score" correlated with relapse is maximized at 71.3% (sensitivity, 70.8%; specificity, 71.4%) [112] .
Extensive changes of metabolites in endometrial cancer (EC) patients' serum samples were found (32 metabolites come from NMR data) compared to HC by using NMR metabolomics analysis, and some metabolites could be used to accurately predict early-stage EC and EC patients. Based on their results, the authors suggested that 3-hydroxybutyrate, C6 (C4:1DC) or hexanoylcarnitine C14:2 or tetradecadienyl-l-carnitine could serve as the biomarkers to predict EC [46] .
In recent years, NMR-based metabolomics analysis of serum has been used to distinguish prostate cancer (PCa) patients from healthy individuals. Increased levels of alanine, pyruvate, sarcosine and decreased levels of glycine are able to differentiate 90.2% of PCa patients from healthy people with 84.4% sensitivity and 92.9% specificity. Moreover, high-grade PCa and low-grade PCa can also be distinguished by the combination of biomarkers (alanine, pyruvate and glycine) with 92.5% sensitivity and 93.3% specificity [48] . In another study, by using the same NMR-based metabolomics approach, Giskeøde-gård et al. found the serum of PCa patients has higher levels of acylcarnitine, glucose, amino acids and glycerophospholipids (three lysophosphatidylcholines and five phosphatidylcholines), and a lower level of triglycerides compared to benign prostatic hyperplasia (BPH) patients, and the changes of these metabolites can reflect the abnormal fatty acid metabolism, choline metabolism and amino acids metabolism in PCa patients. Based on the results, the authors recommend that the changes in fatty acid (acylcarnitines), choline (glycerophospholipids) and amino acid metabolism (arginine) can be used as biomarkers to identify BPH from PCa [47] . Furthermore, another linear multivariate discriminant function analysis based on NMR data of serum analysis showed the concentrations of alanine, sarcosine, creatinine, glycine and citrate are different between BPH and PC, and these metabolites can be used to distinguish BPH from PC, with an accuracy of 88.3%. Moreover, glycine, sarcosine, alanine, creatine, xanthine and hypoxanthine were used to distinguish abnormal prostate (BPH and PCa) from healthy individuals, with an accuracy of 86.2%. It is worth mentioning that the diagnostic accuracy of NMR analysis approach is higher than the current clinical laboratory methods [49] .
By comparing the serum samples from nasopharyngeal carcinoma (NPC) patients with normal controls through NMR-based metabolomics analysis, Wang et al. observed that the levels of methionine, taurine and choline-like metabolites increased, while the levels of lipids, isoleucine, LDL, trimethylamine oxidase and carbohydrates (glucose) decreased in the NPC patients compared to healthy individuals. These results were helpful to understand the turbulence of metabolic pathways in NPC and provide potential serum biomarkers to differentiate NPC patients from healthy people [50] .
The NMR-based metabolomics profiling analysis of 71 serum samples from multiple myeloma (MM) and health controls demonstrated that carnitine and/or acetylcarnitine were accumulated in the MM patients at the active stage and after relapse, and it may be associated with the progression of MM, in addition, carnitine and acetylcarnitine have the potential to be biomarkers of MM [51] .
Burkitt lymphoma (BL) is a highly aggressive nonHodgkin lymphoma. At present, one study searching for BL serum biomarkers has made some progress in a mouse model by using NMR-based metabolomics analysis. Compared to the wild-type mice, the BL mice had higher levels of glutamate, glycerol and choline (AUC greater than 0.9), these three metabolites were demonstrated to have the highest diagnosis accuracy. Other metabolites also changed, such as isoleucine, leucine, pyruvate, lysine, α-ketoglutarate, betaine and so on (AUC are in the range of 0.7-0.9), these metabolites may have the potential to be diagnostic biomarkers but still require further study [52] .
Diseases of the circulatory system
NMR metabolomics has been used to study the different circulatory system diseases. Hypertension is a very common disease worldwide, with one in four people in the United States having hypertension. Aiming at investigating the metabolic mechanism of essential hypertension and its Chinese medicine subtypes which are "Yin-deficiency and Yang-hyperactivity syndrome" (YDYHS) and "Yin-Yang deficiency syndrome" (YYDS), Li et al. analyzed plasma samples by 1 H-NMR and GC-MS spectroscopy and identified several potential biomarkers of YDYHS and YYDS including betaine, mevalonic acid, corticosterone, β-leucine, propionic acid, methionine, D-glucose, glycine, tyrosine and malic acid (the first five metabolites were identified by NMR analysis) which indicated that abnormal glucose metabolism might be the main common pathway from YDYHS to YYDS [53] . Moreover, 1 H-NMR was also used to identify blood metobolomic biomarkers of left ventricular hypertrophy (LVH) secondary to arterial hypertension, and they found that the -CH 2 -/-CH 3 ratio which is an indicator of the mean length of the plasma aliphatic lipid chains might be a biomarker to give brand new diagnostic methods for rapid LVH detection in hypertensive patients [54] .
Deidda et al. used 1 H-NMR-based metabolomics to analyze 32 coronary blood samples from normal people and myocardial ischemia patients including stenotic disease (SD) and microvascular disease ("Micro"). Compared to the control group, Micro patients showed a lower content of creatine/phosphocreatine, creatinine and glucose and higher levels of 2-hydroxybutirate, alanine, leucine, isoleucine and N-acetyl groups, however, SD patients showed a lower content of 2-hydroxybutirate and higher levels of 3-hydroxybutirate and acetate. In addition, compared to Micro patients, SD patients had a higher content of 3-hydroxybutirate and acetate and lower levels of 2-hydroxybutirate, alanine, leucine and N-acetyl groups. Therefore, these metabolites mentioned above might be potential biomarkers to differentiate and diagnose different development and pathological stages of coronary artery diseases [55] . In addition, regarding coronary heart disease (CHD), one study used 1 H-NMR to identify plasma metabolomics biomarkers in CHD patients and CHD Qi deficiency syndrome patients (a Chinese medicine subtype). The results showed that 25 typical metabolites including leucine, N-acetyl glycoprotein, α-glucose, β-glucose, β-hydroxy isobutyric acid, phenylalanine, acetone, HDL, glutamate, glutamine, methylamine, lysine, tyrosine, ornithine, taurine, proline, lactic acid, tryptophan, threonine, aspartic acid, valine, acetyl glutamic acid, isoleucine, lipids and histidine changed meaningfully in CHD patients in comparison with the control group, and four identifiable variables including acetyl glutamic acid, lysine, valine and carnitine had most important differences between Qi deficiency and other patients which meant these metabolites might become potential biomarkers for CHD and its Qi deficiency syndrome [56] .
NMR metabolomics profiling of serum has been proved to have a promising future in identifying biomarkers of unstable angina (UA) and screening UA patients. One study found the UA patients' serum concentrations of lactic acid, m-I, lipid, VLDL, 3-HB, and LDL had higher levels but the concentrations of threonine, Cr, Cho, PC/ GPC, glucose, glutamine, lysine, HDL, Isoleucine, leucine and valine were lower compared to healthy people [57] . Furthermore, in another study Ameta et al. identified five biomarkers with extremely high sensitivity and specificity, precisely including valine, alanine, glutamine, inosine and adenine, with statistical significance between UA and HC [58] .
Recent studies have pointed out many pathophysiological differences between heart failure (HF) with preserved ejection fraction (HFpEF) and HF with reduced ejection fraction (HFrEF). Zordoky et al. carried out metabolomic analysis of patients' serum by LC-MS/MS and 1 H-NMR spectroscopy, the results showed that HFpEF patients had higher levels of acylcarnitines, carnitine, creatinine, betaine and amino acids whereas lower serum concentrations of phosphatidylcholines, lysophosphatidylcholines and sphingomyelins, compared to non-HF controls. Besides, medium and long-chain acylcarnitines and ketone bodies were lower in HFrEF than HFpEF patients, which will help identify novel biomarkers for diagnosis and distinguishing [59] . Increased myocardial energy expenditure (MEE) is associated with HFrEF and is also used to predict cardiovascular mortality independently.
1 H-NMR-based metabolic analysis of human serum revealed that patients with MEE elevation in HF showed obvious changes in metabolomics' profiling results especially the level of 3-hydroxybutyrate, acetone and succinate which might be identified as potential biomarkers to diagnose MEE elevation and study energy change in HF [60] . In another study, 1 H-NMR-based metabonomics analysis of plasma samples identified the lactate to cholesterol ratio as a useful, simple and independent biomarker which can predict short-term mortality and decide treating methods in acute heart failure [61] .
Zhang et al. used two different analysis methods to identify potential circulating metabolic biomarkers from diastolic left ventricular function patients' serum by NMR spectroscopy. In multivariable-adjusted regression analysis, significant changes of circulating tyrosine, high-density lipoprotein apolipoproteins, glucose + glutamine, glucose + 2-aminobutyrate, glucose + 2-phosphoglycerate and an unidentified molecule were found. However, glucose + glutamine, glucose + 2-aminobutyrate, glucose + 2-phosphoglycerate, 4-aminobutyrate, 4-hydroxybutyrate, creatinine, and phosphocholine were identified in PLS-DA, to be specific, the first three metabolites were associated with normal diastolic LV function and the last four were related to abnormal function [113] .
Quantitative NMR metabolite profiling of three population-based cohorts in a large prospective demonstrated that phenylalanine, monounsaturated and polyunsaturated fatty acids could be biomarkers for cardiovascular risk and potentially result in earlier and more precise prediction of patients at high risk for cardiovascular disease [62] .
Diseases of the digestive system
As an idiopathic inflammatory disease involving the ileum, rectum and colon. Inflammatory bowel disease (IBD) has two forms: ulcerative colitis (UC) and Crohn's disease (CD). By using NMR-based metabolic profiles, Dong et al. analyzed the plasma samples from acute UC mice model (establishing by providing water containing dextran sulfate sodium), and they found eight metabolites changed significantly: reduced levels of acetate and glucose, and increased levels of valine, lipid, glycerol, ω-3 fatty acid, lysine and phenylalanine. These changes reflected lipid dysregulation and increased energy consumption in acute UC mice, and these metabolites identified by NMR metabonomics analysis could be biomarkers to assess the development of acute UC and discover novel therapeutic targets for the treatment of IBD [70] . Another study used 1 H-NMR-based metabolomics to analyze serum samples from normal people and IBD patients including UC and CD. Compared to a control group, active IBD patients showed lower levels of creatine, dimethyl sulfone, histidine, choline and its derivatives, and higher levels of leucine, isoleucine, 3-hydroxybutyric acid, N-acetylated compounds, acetoacetate, glycine, phenylalanine and lactate. In addition, compared to IBD patients in remission, active IBD patients had higher contents of N-acetylated compounds and phenylalanine and lower contents of lowdensity lipoproteins and very low-density lipoproteins. These metabolites are the most effective biomarkers to differentiate and diagnose different stages of IBD disease [71] .
In a study related to non-alcoholic steatohepatitis (NASH), Mannisto et al. found that both simple steatosis and NASH patients' blood had higher levels of alanine, histidine, phenylalanine, tyrosine and leucine than controls by using NMR metabolic analysis. Furthermore, levels of ketone bodies including β-hydroxybutyrate and acetoacetate were significantly lower in NASH patients compared to the individuals with simple steatosis, suggesting ketone bodies could possibly be biomarkers to distinguish NASH from simple steatosis [68] .
NMR-based metabolomics analysis of blood samples from primary biliary cholangitis (PBC) patients indicated that 33 metabolites changed significantly compared to HC, and four metabolites among them (3-hydroxyisovalerate, 4-hydroxyproline, citraconate and pyruvate) were identified as potential biomarkers for PBC diagnosis. Moreover, 4-hydroxyproline is associated with collagen stability and reflects the liver fibrosis stage or collagen content, and 3-hydroxyisovalerate (3-HIVA) is a side product of increased ketogenesis. Furthermore, their results showed this diagnostic model with the combination of four biomarkers had high clinical value for the diagnosis of PBC [63] .
Chronic cholecystitis (CC) is a benign disease caused by recurrent acute or subacute cholecystitis, whereas xanthogranulomatous cholecystitis (XGC) is a devastating inflammatory disease which is based on CC and accompanied by the formation of yellow granulomas. Although XGC is benign, it is very difficult to differentiate from gallbladder cancer (GBC). Therefore, one study found obvious differences in serum metabolic characterizations among healthy individuals, CC, XGC and GBC patients by using 1 H-NMR-based metabonomics analysis. Importantly, they emphasized that higher levels of lactate and pyruvate as well as lower levels of glucose, some amino acids and low density lipoprotein/very low density lipoprotein (LDL/ VLDL) were found, and these metabolites from different metabolic pathways could be identified as the biomarkers of the GBC to discriminate from other gallbladder diseases [114] . In another study, Sharma et al. used the NMR metabolomics approach to analyze serum samples from CC patients and HC, and they found increased levels of formate, lactate, 1,2-propanediol, glutamate and acetate whereas they found decreased levels of BCAA, glutamine, histidine, alanine, tyrosine, LDL and VLDL in CC patients. Furthermore, among these metabolites, lactate, glutamine, formate, 1,2-propanediol, histidine and acetate were suggested to be identified as biomarkers to early diagnosis and monitoring CC progression [69] . 1 H-NMR metabolomics analysis was used in a study to detect plasma samples from the non-surviving patients with decompensated cirrhosis (DC), stable cirrhosis patients and HC, the results showed elevated levels of lactate, tyrosine, phenylalanine and methionine and decreased levels of choline, phosphatidylcholines, lipid (VLDL, LDL) in nonsurviving DC patients. Moreover, their study provided several potential biomarkers of non-surviving DC and a new method to effectively predict mortality in DC and to distinguish non-surviving from surviving patients, even had high reference values for liver transplantation [65] . In another research, Wei et al. used 1 H-NMR-based metabolomics approach to profile serum samples from a liver fibrosis rat model (established by chronic and low-dose exposure of thioacetamide), and they identified five metabolites precisely including phenylalanine, N,N-dimethyl glycine, O-acetyl glycoprotein, N-acetyl glycoprotein and choline which could become biomarkers of liver fibrosis [66] .
Any healing process of liver injury is accompanied by liver fibrosis, and liver fibrosis may develop into cirrhosis. One study used the NMR-based metabolomics method to analyze serum samples obtained from HCV patients with cirrhosis and HCV patients without detectable fibrosis. Based on the PLS-DA test and ROC analysis, they found choline, acetoacetate and LDL1 can be identified to be significant biomarkers to distinguish two groups of HCV patients and predict advanced liver fibrosis [64] .
Acute-on-chronic liver failure (ACLF) is an acute or sub-acute decompensation of liver function resulting from chronic liver disease. Compared with compensated or decompensated stable cirrhosis, the NMR-based metabolic signature of ACLF demonstrated reduced levels of high-density lipids, and increased levels of creatinine, glutamine, ketone bodies, lactate, pyruvate, phenylalanine and tyrosine. In addition, all of these potential biomarkers associated with variation of lipid metabolism, amino-acid, lactate and urea metabolism can effectively distinguish chronic liver failure from ACLF [67] .
Chemotherapy is one of the most effective methods to treat cancer, but chemotherapy-induced gastrointestinal toxicity caused various adverse reactions and side effects. One study used the NMR-based metabolomics approach to analyze blood and urine samples from a chemotherapy rat model (established by injecting 5-fluorouracil, oxaliplatin and irinotecan), and they found increased levels of PUFAs and N(CH3) 3 moieties, and reduced levels of tryptophan, glutamine, arginine compared to controls. Moreover, these changes indicated activation of intestinal inflammatory processes, and these metabolites could be identified as biomarkers helping to optimize treatment efficacy of chemotherapy and reduce adverse reactions [115] .
Certain infectious and parasitic diseases
Chronic HCV carriers are at risk of chronic hepatitis, liver fibrosis, HCC and many other serious diseases, and one study used the NMR metabolic approach to analyze blood samples from three groups of HCV patients (divided by liver histopathology characteristics): advanced fibrosis (METAVIR F3-4), necroinflammation (METAVIR A2-3) and moderate to severe steatosis (≥33%). In addition, their results demonstrated that 21 metabolites were in connection with advanced fibrosis, 17 metabolites were related to necroinflammation and 16 metabolites were associated with moderate to severe steatosis, all of these meta bolites may be significant potential biomarkers of these diseases in patients with chronic HCV [116] . Hepatitis B virus (HBV) infection is one of the main causes of LC. By using NMRbased metabolomics analysis, compared to healthy people, a study observed that patients with HBV showed higher levels of histidine, phenylalanine, unsaturated lipid, citrate in serum and lower levels of N-acetyl glycoprotein, acetone and especially serum histidine which was considered as a potential biomarker for patients with HBV. In addition, compared to HBV patients, serum from HBV-LC ones had higher levels of unsaturated lipid, phenylalanine, glutamine, acetate, pyruvate, histidine and citrate, and lower levels of formate, acetone and N-acetylglycoprotein. Among these metabolites, glutamine, formate, pyruvate and acetate were were suggested as potential biomarkers to monitor the progression from HBV to HBC-LC [74] . Schistosomiasis mansoni coinfection with HBV or HCV can bring a series of liver diseases which is different from HBV or HCV monoinfection, and the periportal fibrosis diagnosis is very challenging under this situation. In one study, by using the NMR blood analysis approach, Gouvei et al. found that the coinfected group had higher levels of lactate, while the monoinfected group had higher levels of HDL cholesterol, and these metabolites can be identified as biomarkers to distinguish these two groups' patients. They provided a metabolomics model based on changed metabolites to diagnose periportal fibrosis of coinfected patients with schistosomiasis and viral hepatitis (HBV or HCV), which is very beneficial for clinical diagnosis [75] .
AIDS remains a devastating infectious disease caused by infection by the HIV virus. The NMR-based metabolic signature of plasma from normal controls, treatment naïve HIV/ AIDS patients and patients receiving anti-retroviral therapy (ART) showed: the levels of sarcosine, methyllmalonic acid (MMA), D-glucose, choline, L-aspartic acid increased in HIV/ AIDS patients compared to controls, and they decreased in patients receiving ART compared to treatment naïve patients but still higher than controls; the levels of 5β-cholestanol, L-lysine, acetoacetate and L-threonine were lower in HIV/ AIDS patients than controls, and higher in patients receiving ART than treatment naïve ones but did not reach the levels found in controls. The authors suggested that plasma sarcosine and choline could be used as biomarkers of HIV/AIDS infection, providing a new clue of mechanism research and treatment [72] . Another study used 1 H-NMR-based metabolomics to analyze serum samples from the same three groups mentioned in last study. The results showed that, compared to control group, HIV-infected patients had a lower content of alanine, choline, glutamate, glycerophosphocholine, phosphocholine, taurine, valine and a higher content of creatine, glutamine, glycine, lactate, glucose, which could be identified as potential biomarkers with further research. Moreover, they also found the reduced level of alanine and the enhanced level of glutamine and glucose were directly related to the CD4 count [73] .
By using the NMR-based metabolomics' approach, one study analyzed serum samples obtained from earlyand late-stage breast cancer patients with tuberculosis (TB). Compared to HC, the results showed reduced levels of low-density lipoproteins, formate, glycerolphosphocholine, alanine and glycine, and increased levels of acetone, acetoacetate, isoleucine, nicotinate, lysine, glutamate, 1-methylhistidine, glutamine, lactate, phenylalanine, pyruvate and tyrosine. The authors suggested that NMR-based metabolomics is a valuable tool for TB diagnosis as well as monitoring, and the detailed measurement of biomarkers can also improve our understanding of the disease mechanism [76] . Another study focusing on pediatric TB indicated the metabolic changes in plasma between TB children and non-TB controls (RTIs [respiratory tract infection] and healthy children) by using NMR-based metabolomics. They found metabolic differences in 17 compounds, among them, the levels of L-valine, pyruvic acid and betaine decreased in the active TB children group, which could potentially be validated as biomarkers for diagnosis of pediatric TB [77] . Zhou et al. used 1 H-NMR-based metabolomics to identify plasma biomarkers in TB, diabetes, malignancy and communityacquired pneumonia (CAP) patients. Their results showed the levels of ketone bodies, lactate and pyruvate in plasma of TB, malignancy and CAP patients were higher than HC, but the levels of TB patients were lower than the other two diseases. In addition, they identified 26 metabolites that can be used to distinguish diabetes from TB patients, 27 metabolites to separate CAP from TB patients and 24 metabolites to discriminate malignancy from TB patients. Therefore, the authors claimed that these potential biomarkers can be used to differentiate TB from the other three diseases and reflect Mycobacterium tuberculosis infection [78] .
Ghosh et al. used 1 H-NMR-based metabolomics method to analyze serum samples from a mouse cerebral malaria (CM) model, and they found the CM animal started to have metabolic changes (increased levels of serum lipids/lipoproteins) on the 4th day after infection, although it is not distinguishable from non-CM by physical observation at this time. In addition, all of these metabolites could become potential biomarkers of CM for early diagnosis [79] . Another study used the same method to analyze plasma samples obtained from patients of mild malaria (MM), severe non-cerebral malaria (SNCM), CM, and patients suffering from cerebral malaria with multiple organ dysfunctions (CMMOD). Combining with the OPLSDA method, the authors found these four groups showed significantly elevated levels of lipoprotein and lactate compared to uninfected controls. Moreover, this study indicated that the concentration of lactate is higher in the MM, SNCM, CM groups compared to sepsis and encephalitis patients which are symptomatically similar diseases of CM. In addition, MM, SNCM and CM groups showed higher concentration of glycoprotein compared to the sepsis group, but CMMOD had lower concentration of that compared to any other groups. Therefore, all of these metabolites could be identified to potential biomarkers to distinguish CM from its symptomatically similar diseases and separate different malaria subtypes efficiently [80] .
Endocrine, nutritional and metabolic diseases
As a common pediatric disease, the incidence of type 1 diabetes mellitus (T1DM) is increasing year by year in many countries. 1 H-NMR-based metabolic profiling of plasma from T1DM children and adolescents were compared to healthy control, and the results showed significantly lower concentrations of lipids (triglycerides, phospholipids and cholinated phospholipids) and slightly lower levels of amino acids (serine, tryptophan and cysteine) and expected higher levels of glucose which indicated disorders in metabolic pathways (choline reduction, increased gluconeogenesis and glomerular hyperfiltration) in T1DM patients [81] . Diabetic nephropathy (DN) is a very serious and common complication of diabetes mellitus. Liu et al. performed 1 H-NMR-based metabolomics to analyze serum acquired from a nonhuman primate model of DN. In comparison with HC, DN monkeys had not only higher concentrations of VLDL/LDL, lipids, acetate, acetoacetate and unsaturated lipids, but also lower concentrations of alanine, valine, glutamate, pyruvate, tyrosine and histidine. Furthermore, DN monkeys demonstrated increased concentrations of VLDL/LDL, lipids and unsaturated lipids, as well as decreased levels of pyruvate, alanine, glutamate and HDL compared with the diabetes mellitus group. All of these metabolites mentioned above might become potential biomarkers of DN and provide new clues in the pathogenesis of DN [82] .
Focusing on Indian women with polycystic ovary syndrome (PCOS) particularly, a study used 1 H-NMR coupled with the metabolomics' approach to analyze serum samples from Indian PCOS patients, and the results showed that significant changes were found in 12 metabolites which might be identified as potential biomarkers. Compared with the controls, five amino acids (alanine, valine, leucine, histidine and threonine), lactate and acetate increased significantly, whereas another three amino acids (L-glutamine, proline and glutamate), glucose and 3-hydroxybutyric acid obviously decreased [83] .
In another study, a time-related 1 H-NMR-based metabonomic profiling of plasma from hyperliqidemic hamsters found discriminating changes of 40 endogenous metabolites, and the analysis of these potential hyperlipidemia biomarkers demonstrated that obvious lipid and amino acid metabolism disturbances, inflammation and oxidative stress, as well as intestinal microflora metabolites changes happened after cholesterol overload [117] . Won et al. carried out gender-specific 1 H-NMR-based metabonomic profiling of obesity by using serum from leptin-deficient ob/ob mice, they identified 22 metabolites as potential biomarkers which are involved in amino acid metabolism, tricarbocylic acid cycle and glucose metabolism, lipid metabolism, creatine metabolism and intestinal microflora metabolites. Particularly, their results showed that metabolism of obese male mice was associated with insulin signaling, however, in the obese female mice it was specifically related to lipid metabolism [84] . In regard to the 1 H-NMR-based metabolic profiles of blood serum samples from patients with nodular thyroid diseases, decreased alanine and increased glucose are only slightly changed, but have no statistical significance, so it is hard to identify these metabolites as biomarkers right now [118] . Niemann-Pick type C (NPC) disease is one kind of sphingolopodosis due to a neurodegenerative lysosomal storage disorder. High-resolution 1 H-NMR spectroscopy metabolomic profiling coupled with advanced multivariate analysis methods revealed significant difference in the plasma of Niemann-Pick C1 (NPC1) patients and heterozygous carriers compared with HC. Lipoprotein triacylglycerol and isoleucine changed significantly between NPC1 and HC, and heterozygote samples also showed higher levels of lipoprotein triacylglycerol vs. HC. Therefore, these identified metabolites could represent potential biomarkers for NPC1 [85] .
Diseases of the respiratory system
Ventilator-associated pneumonia (VAP) is an important type of hospital-acquired pneumonia (HAP). Antcliffe et al. used NMR to analyze serum samples obtained from pneumonia patients and brain injury patients (seven of them went on to develop VAP after ventilating treatment). They found that the levels of formate, glycoproteins and phenylalanine in pneumonia patients' serum changed significantly, whereas the concentrations of phospholipids, glutamine and alanine in brain injuries patients' samples altered meaningfully, compared to each other. Moreover, as for the comparison between simple brain injury patients and VAP ones, they found the increased levels of lipids, choline and lactate in brain injured ones, as well as the elevated levels of glycoproteins, phenylalanine and valine in VAP ones, but when univariate comparisons were used in spectral data all changes of these metabolites had no statical significance. Therefore, they successfully identified potential biomarkers to distinguish pneumonia from brain injuries, but markers for separating brain injuries from VAP still need further research [86] .
COPD is a common chronic disease with airflow obstruction, which can further cause pulmonary heart disease and respiratory failure. One study based on 1 H-NMR spectroscopy analyzed serum obtained from COPD patients, and they found decreased levels of phenylalanine, tyrosine, alanine, valine, leucine, isoleucine, HDL and elevated level of glycerolphosphocholine in COPD patients compared to HC. What is more, all of these markers they identified were beneficial to the early diagnosis and treatment of COPD [87] . In another study, Xu et al. used the same approach to analyze plasma collected from COPD patients with abnormal and non-abnormal Savda syndrome (traditional Uyghur medicine subtypes) and HC. Performing NMR data with OPLS-DA, they found the concentrations of lactic acid, carnitine, acetone, acetoacetic acid and unsaturated lipids were higher, and the concentrations of glycoprotein, LDL and amino acids were lower in COPD patients with abnormal Savda syndrome compared with the controls. Furthermore, these changes may serve as the potential diagnostic biomarkers of COPD with abnormal Savda syndrome [88] .
Fortis et al. attempted to use the NMR-metabolomics method to distinguish severe acute exacerbations of COPD (AECOPD) from other coexisting diseases such as heart failure and pneumonia, which often happen together with AECOPD and have similar symptoms. Compared to stable COPD patients, AECOPD ones had lower levels of glycine, glutamine, proline, citrate, histidine, formate, creatine, phosphate, alanine and mannitol, and the first six metabolites changed significantly statistically, which can potentially be used as markers to separate AECOPD from COPD patients. However, the various respiratory failure groups could not be discriminated by this approach, they did not find unique metabolic changes of AECOPD to differentiate it from heart failure and pneumonia [89] . H-NMR-based metabolic profiling of serum from acute respiratory distress syndrome (ARDS) patients was compared to non-ARDS (NARDS) controls, and the results showed the significantly enhanced level of lipid 1, lipid 2, NAC, acetoacetate, creatinine, histidine, formate and lactate. Moreover, the authors suggested that lipids and lipoproteins are especially important biomarkers in the discrimination between ARDS and NARDS, and these findings also provided a new diagnostic and treatment method for ARDS [90] .
Mental and behavioral disorders
Depression is one of the most common and serious mental disorders. One study used 1 H-NMR-based metabolomics approach to analyze serum from depressed patients and healthy volunteers, the results showed the concentrations of trimethylamine oxide, glutamine and lactate were up-regulated, as well as the levels of phenylalanine, valine, alanine, glycine, leucine, citrate, choline, lipids and glucose were down-regulated significantly in depressed patients compared with HC [91] . Another study used the same approach to analyze plasma from a chronic unpredictable mild stress (CUMS) rat model, and they identified 13 biomarkers of CUMS-induced depression including myoinositol, glycerol, glycine, creatine, glutamine, glutamate, β-glucose, α-glucose, acetoacetate, 3-hydroxybutyrate, leucine and unsaturated lipids (L7, L9), which means abnormal changes occurred in amino acid metabolism, glycometabolism, lipid metabolism and energy metabolism in the CUMS rat mode. Expect glycine, glutamine, glucose, unsaturated lipids (L7, L9) and 3-hydroxybutyrate, other biomarkers are reported for the first time in this study [92] . Three different studies tested three different drugs' anti-depressant effect by using 1 H-NMR-based metabolomics approach. Wu et al. found the concentrations of all the 13 identified biomarkers tended to return to normal after using the total alkaloid of Corydalis rhizome in a CUMS rat model [92] . In addition, Liu et al. found that alanine, choline, trimethylamine oxide, glutamine, lactate and glucose were restored to standard concentrations after Xiaoyaosan treatment in a depressed patient [91] . Moreover, Tian et al. found that trimetlylamine oxide (TMAO) and β-hydroxybutyric acid (β-HB) decreased in serum, whereas lipid, lactate, alanine and N-acetyl-glycoproteins increased after genipin treatment in a CUMS rat model [93] . All of these markers may be beneficial to optimize the diagnosis and even the prediction of depression and to assess the efficacy of different drugs in clinical practice. D-NMR metabolomic profiling in serum samples from bipolar disorder patients showed that serum lipids, lipid metabolism-related molecules (choline, myo-inositol), some amino acids (N-acetyl-L-phenyl alanine, N-acetyl-L-aspartyl-L-glutamic acid, L-glutamine), amygdalin, α-ketoglutaric acid and lipoamide were significantly changed compared to HC, and these metabolites may be identified as biomarkers of bipolar disorders [94] .
Kim et al. used NMR-based metabolomics analysis approach to analyze samples from an Alzheimer's-like (AL) model mice, compared with a control group and gallate-treated AL mice, both whole blood and plasma analysis showed that several metabolites significantly decreased, especially pyruvate and creatine, which could be confirmed as novel plasma biomarkers for AD in further research [95] .
Diseases of the genitourinary system
Several blood biomarkers for genitourinary system disorders were identified by using a NMR-based meta bolomics' approach. Acute kidney injury (AKI) is a common postoperative complication after cardiac surgery with cardiopulmonary bypass. The NMR-based meta bolomics analysis of 85 patients' plasma samples found that the concentrations of propofol glucuronide, lactic acid, creatinine, D-glucose and Mg-EDTA 2− increased and the level of valine decreased in AKI patients compared to HC, and all of them had statistically significant differences. Furthermore, the combination of the plasma metabolites Mg-EDTA 2− , lactate and creatinine showed the potential to predict the prognostic of AKI [96] . In the chronic kidney injury (CKD), an NMR-based profiling of plasma metabolites revealed that compared to sham-operated rats the levels of alanine, glutamine, glutamate and organic anions (citrate, β-hydroxybutyrate, lactate, acetate, acetoacetate and formate) significantly increased in CKD rats (5/6 nephrectomy [5/6 Nx]), suggesting that these metabolites are related to the metabolic changes in CKD and had the potential to be biomarkers of CKD [97] . In another recent study, Mika et al. used the same analysis approach to analyze 55 human plasma samples from CKD patients and healthy people, and they found that the levels of acetate, citrate, creatinine and dimethyl sulfone were significantly higher in CKD patients than in controls, whereas concentrations of valine, lysine creatine, tyrosine and O-phosphocholine were significantly lower, and the content of these plasma metabolites would change in the progress of CKD. Moreover, the MetPA analysis demonstrated five potential target pathways and 14 metabolites may serve as the potential therapeutic targets and potential biomarkers of CKD [98] .
Lupus nephritis (LN) is a kidney disease caused by systemic lupus erythematosus (SLE). SLE, LN and HC can be identified by the NMR metabolomics' analysis of serum samples. Compared to HC, SLE and LN samples both had higher levels of glucose and lower level of lactate, besides, SLE samples had lower levels of lipids and lipoproteins, LN samples had higher levels of lipids and lipoproteins. In addition, LN samples had increased levels of creatinine, lipid metabolites (including LDL/VLDL lipoproteins) and decreased level of acetate compared to SLE. In conclusion, these metabolic changes may serve as potential metabolic markers to provide a novel way to distinguish SLE from LN, and also have the potential to be used in diagnosis and the clinical treatment of LN [99] .
Endometriosis is an estrogen-dependent chronic condition, usually occurring in women at reproductive age. The NMR-based plasma metabolomics analysis of samples collected at the follicular phase and luteal phase revealed that the concentrations of valine, fucose, choline-containing metabolites and lysine/arginine increased, and the concentration of creatinine decreased compared to control, and these changed metabolites may become potential early biomarkers of endometriosis [100] .
Diseases of the nervous system
1 H-NMR spectroscopy-based dynamic metabolomic profile on rats with focal cerebral ischemia/reperfusion (I/R) injury demonstrated metabolite changes in the early stages of I/R injury, and the study showed that 13 metabolites had obvious changed especially malonic acid and glycine which could potentially be identified as biomarkers [101] .
In order to discriminate relapsing-remitting (RR) from secondary progressive (SP) disease stages in multiple sclerosis (MS) patients, Dickens et al. combined NMR meta bolomics with PLS-DA of serum from SPMS and RRMS patients, and they found a significant type II biomarker for the RR to SP transition in MS patients which is beneficial in classifying patients for treatment [21] . In another mice model study, they found fatty acids, glucose and taurine were the key metabolites in distinguishing RRMS from SPMS. In addition, it is worth mentioning that fatty acids and glucose were previously reported as biomarkers in separating RRMS from SPMS in a human study [103] . As for separating neuromyelitis optica (NMO) from MS, the 1 H-NMR-assisted metabolomic serum analysis identified acetate and scylloinositol as hopeful serum biomarkers of NMO and MS, separately. They can distinguish MS from NMO patients by using these two metabolites at the same time, with a sensitivity of 94.3% and a specificity of 90.2% [102] .
Pregnancy, childbirth and the puerperium NMR metabolic analysis of serum samples from pregnant women with preeclampsia (PE), pregnant controls (PC) and non-pregnant controls (NP) revealed that there are differences in metabolites between PE and PC (nine metabolites), PC and NP (15 metabolites). Moreover, total serum lipid increased in PE compared to NP, and were elevated higher in PC than PE. In addition, compared to the PC groups, PE had a lower level of HDL and higher levels of VLDL and LDL. Furthermore, all the metabolites mentioned above could become biomarkers for the early diagnosis of preeclampsia [104] . In another study, the possibility of metabolomics to predict gestational hypertension and preeclampsia from first trimester serum and urine samples were evaluated and the metabolic changes associated with these diseases were clarified by using NMR spectroscopy. NMR metabolomics' profiles of serum predicted gestational hypertension and preeclampsia at 33% and 15% sensitivity in their prediction models, separately. In addition, they also found the levels of lipids especially triglycerides elevated in both diseases compared to healthy people, and an atherogenic lipid profile elucidated phosphatidylcholines could be the most important biomarkers for prediction [105] .
Mild gestational diabetes mellitus (GDM) is a common diabetes mellitus arising in pregnancy. NMR-assisted metabolomic analysis of plasma from GDM patients showed significantly higher levels of fasting blood glucose, insulin, and homeostasis model assessment-2 for insulin resistance than those in normal pregnant women, which indicated significant perturbations in glucose, fatty acid and amino acid metabolism, as well as activation of inflammatory response in mild GDM patients [106] . By NMR metabolomics analyzing maternal blood, increased levels of cholesterol, lipoproteins, fatty acids, triglycerides and several significant changes of metabolites including glucose, amino acids, betaine, urea, creatine and other metabolites related to gut microflora were found which could be used as biomarkers to predict gestational diabetes [107] .
Other diseases
Hemorrhagic shock (HS) often occurs due to the fast, massive blood loss without timely replenishment, and the following reperfusion process during medical treatment causes ischemia/reperfusion (I/R) injury which can lead to poor prognosis. One study used SD rats and Arctic ground squirrels (AGS) to establish HS and I/R model by withdrawing blood and then reperfusing with Ringers, performing 1 H-NMR-based metabolomics' analysis to detect plasma samples taken instantly before hemorrhage and 3 h after reperfusion from rat model and AGS (as a negative control because their ability to resist I/R without decreased body temperature as a hibernator). Compared to negative controls, the SD group showed increased levels of acetate, tyrosine, lactate and lysine, these metabolites were identified as biomarkers related to poor outcome after HS in rats and they were absent in AGS [108] .
The metabolic signature of serum samples from severe burn patients was characterized by NMR analysis. Zhang et al. reported a set of biomarkers which offered a new approach to improve the diagnosis and reduce the mortality of severe burn patients, including 12 metabolites: butyric acid, dihydrobiopterin, aldosterone, 7-dehydrocholesterol, biotin, odotyrosine, α-ketoisovaleric acid, deoxycorticosterone, 2-methoxyestrone, 2-hydroxybutyric acid, 1,3-diaminopropane and 3-methylhistidine. Among these biomarkers, significantly increased levels of α-ketoisovaleric acid, 3-methyl histidine and β-hydroxybutyric acid were observed in the early stages of burn injury. Moreover, α-ketoisovaleric acid is a new biomarker related to mitochondrial dysfunction, 3-methyl histidine level is associated with skeleton catabolism after severe burns and β-hydroxybutyric acid reflects the increasing level of ketogenic metabolism [109] .
Age-related macular degeneration (AMD) is a common eyes condition and causes vision loss among people in their 50s and older, and the early and intermediate stages of AMD usually do not have obvious symptoms. One study used the NMR-based metabolomics' method to analyze blood samples from 396 patients (Coimbra Group and Boston Group) with AMD, and researchers found the variation of some amino acids, specific lipid moieties, dimethyl sulfone and organic acids in different stages of AMD. Comparison between the different groups showed that nutrition and lifestyle affected the metabolites' variations of AMD. Coimbra subjects (unsaturated fatty acids, acetate, creatine, dimethyl sulfone, C18 cholesterol and HDL-choline resonances) and Boston subjects (albumin, histidine, glutamine and also unsaturated fatty acids) had their different metabolic changes in early AMD stage. Furthermore, all of these potential biomarkers could possibly be used to distinguish different stages of AMD [110] .
By analyzing serum samples from rheumatoid arthritis (RA) patients with NMR-based metabolic profiles, 12 potential biomarkers were found and these metabolites involved a variety of the networks of the synthesis and degradation of ketone bodies, valine, leucine and isoleucine degradation, glycolysis or gluconeogenesis, propanoate metabolism, pyruvate metabolism and glycerophospholipid metabolism. Notably, levels of valine, isoleucine, lactate, alanine, creatinine, GPC, APC and histidine were lower in RA patients, whereas concentrations of 3-hydroxyisobutyrate, acetate, NAC, acetoacetate and acetone were higher compared to controls. Furthermore, these potential biomarkers have diagnostic and prognostic value for RA [111] .
Discussion
In order to search for human disease biomarkers, numerous metabolomics research focuses on identifying the changes of small-molecule metabolites in samples, but the determination of metabolites' changes can be affected by so many factors including individual differences, interactions with other small molecules or the environment in the human body, methods of sample collection, preparation and storage, experiment procedures, data analysis, data description, database standardization and so on [119] [120] [121] . Experimental data will present great differences under the influence of these factors, which is absolutely not conducive to creating comparable data in the study of metabolomics. Therefore, the standardizations of the whole process especially metabolomics experiments, data analyses and reports are desperately needed to make data from different laboratories in the metabolomics' societies comparable, which helps to find more accurate disease biomarkers in a standard condition and allow data to be efficiently applied, shared and reused. The standardization of experimental protocols allow other laboratories to verify the data through standard experimental procedures, at the same time the results obtained by standard procedures can be shared and compared among different laboratories and groups. In addition, different laboratories can share data to achieve larger sample size and get more comprehensive metabolite information on change. Moreover, disease-related biomarkers obtained in standard processes have higher application values and can be better translated into the clinic [120] . Based on the need for standardization of metabolomics' studies, the meta bolomics standards initiative (MSI) was published in 2007 and mainly focused on recognizing reporting standards which aim to provide a common mechanism for describing the metabolomics studies so that the data can be evaluated, replicated and published in a public repository [122] . In addition, as a part of MSI, the Chemical Analysis Working Group is generally responsible for identifying, developing and disseminating consistent descriptions related to the chemical analysis practices of metabolomics [123] . Besides, MetaboLights is the first general-purpose, open-access repository for metabolomics' studies which is cross-species and cross-techniques, and it adheres to the standards of MSI for metadata reporting. The Meta boLights repository includes the structures of meta bolites and their reference spectra as well as their biological functions, locations and concentrations, what is more, it spans over eight different species and covers a variety of techniques [124] . Although MSI and MetaboLights have made great contributions to the standardization in terms of data acquisition, data processing, data reporting and database establishment in the last decade, a lot of work about standardization still needs to be done in the future to help create comparable data and make the metabolomics research more scientific and convenient.
Metabolomics has been widely used to search for disease-related biomarkers in recent years, however, limitations and challenges still exist in many aspects of meta bolomics studies. As mentioned in past reviews, different analytical techniques (NMR [125] or MS [126] ) have their own weakness and limitation in sensitivity, reproducibility or equipment costs. Apart from this, no matter which analytical method is used, metabolomics research is faced with the following common problems [119, 127] : (1) The composition of metabolites in samples is very complicated, so the accurate measurement of the entire metabolome in a single analysis is currently impossible; (2) The analysis of metabolomics produces massive amounts of data, while it is difficult to comprehensively identify all the changed metabolites with the available metabolite databases. In addition, the functions and mechanisms of the identified metabolite changes are also difficult to interpret; (3) The metabolome is very sensitive to many internal and external factors, so some minor differences may affect the metabolic profile of samples and cause challenges to data interpretation; (4) Compared with the large amounts of laboratory data, the number of patients' samples is not enough, and this imbalance makes the translation of these laboratory achievements into clinical applications difficult; (5) Standardization is also a big problem, as discussed in the previous paragraph. Therefore, the continued development of metabolomics' research techniques will help overcome the above limitations, and the standardization of metabolomics' studies will make results from different studies more comparable and aid in the identification of biomarkers.
Conclusions
In this paper, we review the application of NMR-based metabolomics of human blood samples for searching and identifying biomarkers of diseases over the last 5 years. Aiding in the diagnosis and treatment, NMR metabolomics significantly contributes to the validation and quantification of biomarkers to numerous human diseases including neoplasms, digestive, nervous, respiratory, mental, infectious, parasitic diseases and so on. Obviously, blood is one of the most classic and common samples, but recent researches placed much emphasis upon other body fluid samples such as urine, saliva, sweat and tears due to the recognized significance of developing and optimizing non-invasive strategies. In fact, there are still many problems that need to be solved in sample preparation, experimental and statistical techniques, as well as the validation, quantification and clinical application of biomarkers. Furthermore, overcoming the obstacles mentioned above will absolutely trigger much more developments in NMR metabolomics' analysis and solve more clinical challenges.
